Abstract. Mechanical properties and durability of Ultra-High Performance Concretes (UHPC) are closely associated with composition and microstructure of tested samples. In this work, determination of effective elastic properties of UHPC composite was performed for a representative volume element using combination of microstructural investigations (scanning electron microscope imaging, image analysis of back scattered electron micrographs and nanoindentation) and analytical methods of micromechanics. Based on the volumetric content and micromechanical behavior of individual components an effective elastic modulus of the whole composite was predicted and compared with macroscopically measured value with good agreement within 5%.
Introduction
Ultra-High Performance Concrete (UHPC) widely used in building industry represents promising material with excellent durability and mechanical properties. According to The Association Francaise de Génie Civil (AFGC) nomenclature, concretes with compressive strength exceeding 150 MPa are considered as high-strength concretes [1] . Concretes with enhanced durability or other parameters (usually also high strength) can be considered as UHPC. Elastic behavior as well as strength of the material depends strongly on the material microstructure, properties of its components and their interactions. Elastic properties of UHPC are especially important for reduction of structural deflections and for diminishing some stresses induced e.g. by shrinkage of young concrete. High-end properties are achieved by special material composition and also due to special treatments such as heat curing, extended vibration or pressure application [2, 3] . Depending on final utilization UHPC can be designed by mixing of common raw materials (cement, water, plasticizers and durable aggregates with optimal granulometry), reactive powder (e.g. microsilica) and fiber reinforcement improving tension strength in addition. Properties of composites like concrete are commonly assessed from macroscopic point of view, nevertheless, its mechanical behavior is related to its composition and microstructure. Overall mechanical behavior of a heterogeneous material including concrete can be calculated from measured data on individual phases, their volume fractions and possible interphase interactions. For this task, description of individual UHPC components and their micromechanical characterization can be performed using e.g. scanning electron microscopy (SEM) equipped with energy dispersive X-ray detector (EDX) and nanoindentation. To determine the effective properties of the concrete sample in a statistical sense homogenization of phase properties from a representative volume element (RVE) involving all the material phases in a sufficient content can be performed with the aid of micromechanics [4, 5] . In this paper, we propose a micromechanical model for evaluation of effective elastic properties of UHPC containing microsilica and steel fibers using homogenization based on MoriTanaka method and compare the results with macroscopically obtained values.
Materials and methods

Material and samples
Concrete samples were prepared from cement CEM-I 42.5R with water to cement weight ratio equal to 0.35. UHPC mixture composition is listed in the Table 1 . Samples were demoulded after two days after casting, stored in water for 28 days and then in ambient conditions until testing. [4, 5, 6] . Each level is characterized by a length scale (RVE size) and contains heterogeneities within a narrow size interval. In our UHPC samples, at least three characteristic levels can be distinguished. These levels include: I) cement paste level, II) mortar level and III) concrete level. The cement paste level includes hydrated cement phases with its intrinsic nano-and micro-porosity, unhydrated particles and microsilica particles. Intrinsic elastic properties at this level were assessed by nanoindentation. The second (mortar) level includes cement matrix, small aggregate 0-4 mm, fibers and part of the porosity. The third (concrete) level includes mortar, large aggregate 4-16 mm and the rest of the porosity (large air voids). Elastic properties of the second and third level were assessed by Mori-Tanaka elastic homogenization scheme.
Moreover, the basalt aggregate was found to be composed of several mineral phases. Therefore, a separate homogenization for the aggregate (level A) was introduced to get its average elastic properties. The separation to individual scales is depicted in Fig. 1 .
Volume fraction of individual phases was computed with the aid of image analysis based on BSE intensity levels coupled with chemical analyses. Optical image analysis was applied on level III.
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Fig. 1. Separation of levels in the multi-scale model (Note: cracks in Level I images is largely caused by high vacuum in the SEM chamber.)
Homogenization
Composites can be considered as macroscopically homogeneous materials with heterogeneous structure at the microscopic level. Effective material properties of the composite can be derived from the knowledge of its microstructure and material parameters of individual components at microscale. The recalculation from the known material parameters of the individual components on micro-scale level to the effective parameters for the whole composite is known as homogenization.
For the homogenization, at least the volume fraction of each composite component and its material parameters need to be known. Several analytical and numerical approaches can be applied for the homogenization of elastic properties of a composite. The significant group of analytical methods employs Eshelby's solution of an ellipsoidal inclusion in an infinite body to solve the task of stress distribution in an individual inclusion in a composite. In this work, a particular homogenization method, the Mori-Tanaka (with the assumption of spherical inclusions and perfect bond) was utilized [3] .
The Mori-Tanaka homogenization scheme assumes inclusions to be dispersed in a homogeneous matrix. The effective stiffness tensor eff L is obtained as 
M is the matrix compliance tensor and S is the Eshelby tensor which depends only on the geometrical shape of an inclusion and material parameters of the matrix. For spherical inclusions embedded in an isotropic matrix the Eshelby tensor reduces to
where v I and d I are volumetric and deviatoric parts of the unity tensor, respectively and ) 0 ( α and G is the matrix shear modulus.
Experimental investigation and results
SEM investigation and image analysis
A polished cross section (15 x 15 mm) of UHPC specimen was coated with a thin layer of carbon to ensure adequate conductivity preventing the specimen charging. Specimen investigation was performed in SEM Mira II LMU (Tescan corp., Brno) equipped with energy dispersive X-ray detector (Bruker corp., Berlin). Accelerating voltage, probe current index and working distance were set on 15 kV, 1 and 15 mm respectively to ensure sufficient penetration depth of electrons for correct chemical composition of phases. To apply image analysis and calculate proportions of individual phases all SEM micrographs were acquired using back-scattered electron (BSE) detector. BSE are sensitive to chemical composition i.e. the higher the atomic number Z the stronger the signal is (the brighter the object appears to be). The image analysis of micrographs was performed in MATLAB ® and ImageJ environment [8] .
Classification of individual phases and their ratios at microscale (levels A, I and II) were determined by means of BSE intensity level analysis of 1.6 cm 2 specimen area. Volume fractions for Level III were assessed from optical images with 400 cm 2 area. The major phases found at level II and III were basalt aggregates (denoted as a separate level A) composed of apatite, magnetite, olivine, pyroxene and feldspars (Fig. 2b) , aluminosilicate binder (mainly calcium-silica hydrates, Portlandite and unhydrated clinker), steel fibers and pores. Unfortunately it was not possible to recognize olivine and pyroxene respectively because of the identical BSE intensity signal. It is worthy to note cement composites are often characterized also with a weak interfacial zone (ITZ) between matrix and aggregate. This is not the case of the UHPC sample where virtually no ITZ was detected by SEM and nanoindentation as a possible result of low water/binder ratio and presence of microsilica in the composition. 
Nanoindentation
Intrinsic elastic material constants of i) individual mineral phases in aggregate (level A) and ii) in cementitious matrix (level I) were determined with nanoindenter Nanohardness tester (CSM Instruments) in a micrometer scale (i.e. at level I). Several tens of indents (70) were produced to the cementitious matrix in 6x6 grids (25x25 um) to the maximum load 50 mN at 600 mN/min. Young's moduli were evaluated with Oliver and Pharr methodology [7] from the measurement of relatively large material volume containing all the microstructural phases, i.e. hydrated and unhydrated cement, microsilica and intrinsic nano-and microporosity. The indentation volume can be estimated as approximately 3 times the maximum indentation depth which was 1567±358 nm, leading to the indetation volume ca. 4.5 µm 3 . The matrix Young's modulus reached E matrix = 29.44 ± 8.59 GPa.
Similarly, several indentations were performed to individual mineral phases of basalt aggregate, namely to feldspar, olivine, pyroxene and magnetite. Always, grids with 6 x 6 indents, to maximum load of 5 mN at 60 mN/min were used. For illustration, individual indents into the magnetite phase in basalt aggregate are shown in Fig. 3 .
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Fig . 3 . Indents in magnetite phase of basalt aggregate (left) and indentation curves for feldspar, olivine and magnetite (right).
Macroscopic test
For comparison, elastic properties were measured also by a conventional method on macroscopic laboratory samples (10 x 10 x 40 cm). A non-destructive measurement with impulse excitation method was employed. In this test, dynamic elastic modulus is derived from longitudinal vibration of the beam with continuously distributed mass with free-free boundary condition as
Where l, b, t are the length, width and depth of a specimen, m is the weight and f is the first longitudinal natural frequency of the beam. The resulting dynamic elastic modulus was E macro = 52.1 ± 0.8 GPa.
Homogenization -Effective elastic modulus
The results of the image analysis and a three-level homogenization (Level A = homogenization of aggregate, Level II = homogenization of mortar with aggregate up to 4 mm, Level III = homogenization of concrete ) are summarized in Tables 2-4 . The homogenization was performed in the program HELP developed at the Faculty of Civil Engineering, CTU in Prague [9] . Note that elastic properties of Level I were directly assessed with nanoindentation without any numerical homogenization. 
Conclusion
Combination of an image analysis and analytical homogenization was used to estimate effective elastic modulus of a heterogeneous UHPC sample. The homogenized sample Young's modulus was predicted by the proposed multi-scale model based on the Mori-Tanaka homogenization as 55.04 GPa. The value was generally in accordance with the value measured on laboratory specimens with the impulse excitation method which gave the dynamic elastic modulus of 52.1 ± 0.8 GPa. The small discrepancy between the values (~5%) can be caused by dissimilar testing methods. Dynamic methods are known to give higher elastic moduli compared to static tests (which is the case of nanoindentation test). In contrary, the elastic modulus predicted by the model is slightly higher in our case. The possible reason can lie in the model assumptions which consist of e.g. perfect bonding between the phases and spherical shape of the inclusion in the Mori-Tanaka scheme. Although the ITZ was not observed in our UHPC there is still a large portion of cracks or imperfect bonds (caused mainly by shrinkage strains) located around aggregate particles that create mechanically significant portion of the composite. Therefore, the idealized situation captured by the model must be taken as a good first estimate which could be refined in the above mentioned sense.
